One photon up-conversion photoluminescence is an optical phenomenon whereby the thermal energy of a fluorescent material is used to increase the energy of an emitted photon compared with the energy of the photon that was absorbed. When this occurs with near unity efficiency, the emitting material undergoes a net decrease in temperature-so called optical cooling. Because the up-conversion is thermally activated, the yield of up-converted photoluminescence is also a reporter of the temperature of the emitter. Taking advantage of this optical signature, here we show that cesium lead trihalide nanocrystals are cooled by as much as 66 K during the upconversion of 532 nm CW laser excitation. This is the first demonstration of optical cooling of colloidal semiconductor nanocrystals, as well as a new record for optical cooling of any semiconductor system, highlighting the intrinsic advantages of colloidal nanocrystals for this goal.
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Main Text:
A remarkable property of semiconductors is their ability to produce photoluminescence via a mechanism of one photon up-conversion, also known as anti-Stokes photoluminescence (ASPL). [1] [2] [3] During ASPL, a photoexcited carrier is additionally excited by phonons in the semiconductor before radiatively relaxing. The result is the emission of a photon with energy greater than the photon that was absorbed. Further, the process scavenges thermal energy from the semiconductor, equivalent to the difference in energy between the incoming and outgoing photon. Intuitively, ASPL is thermally activated since it requires a population of phonons with appropriate energy to drive the up-conversion of the photoexcited carriers. Thus, the ASPL yield for a given sample is exponentially dependent on the energy difference between the pump wavelength and the emitted wavelength, as well as the inverse temperature of the material, following an Arrhenius relationship. 2, [4] [5] [6] If this process occurs with an external quantum efficiency (EQE) near unity, more thermal energy is removed via ASPL than is added by thermalization due to nonradiative recombination, and the system will experience a net decrease in temperature. 1 This optically driven cooling has been a target of interest since it was first proposed as a vibrationless, solid state method of refrigeration for which optical excitation provides a remote power source. 7 More generally, ASPL has been explored as a mechanism to enable a variety of thermodynamic power cycles that can scavenge waste thermal energy. 8, 9 Theoretically, optically cooled semiconductors are predicted to be able to reach temperatures below 10 K; 1,10 despite this, optical cooling of bulk semiconductors has yet to be demonstrated. For net cooling to occur, the thermal energy scavenged by emitted photons-a few tens to a few hundreds of meV worth of energy for each emitted photon-has to be greater than the thermal energy generated by non-radiative losses, with each non-radiative recombination contributing a full band gap worth of heat. As such, external quantum efficiencies must be greater than ~96% for optical cooling to occur. Despite having internal quantum efficiencies (IQE) exceeding 99%, high quality bulk semiconductors still have to contend with insufficient photon extraction efficiencies (i.e. too low EQE) due to total internal reflection and parasitic absorption from their surface passivation. These losses are largely an intrinsic feature of the macroscopic semiconductor geometry. [11] [12] [13] In recent years, the first instances of measurable laser cooling of semiconductors have been reported by Xiong and coworkers. In their experiments, chemical vapor deposition was used to fabricate semiconductor morphologies that are subwavelength in size in at least one dimension, in order to maximize the optical extraction efficiency of the ASPL, i.e. to promote high EQE via better light management. 14, 15 Until this study, their reports remained the only demonstrations of net optical cooling of a semiconductor, largely due to the difficulty of fabricating materials with sufficiently high quantum efficiencies. Alternatively, high quality colloidal semiconducting nanocrystals appear to ubiquitously show ASPL 4 and can be synthesized in subwavelength sizes with EQE's above the threshold required for net cooling. 16 Notably, recent works have identified all-inorganic cesium lead trihalide perovskite nanocrystals as a material with potential applications for optical cooling due to their near-unity photoluminescence quantum yield after appropriate surface treatment. 2, 3, 17 Additionally, recent works by our group and others have suggested that ASPL in CsPbX3 (X = I, Br, or Cl) nanocrystals may not utilize mid-gap electronic trap states, as has been reported for other semiconductors. 2, 6, 18 The lack of mid-gap electronic states in CsPbX3 is a desirable characteristic since it further reduces the chances of deleterious non-radiative recombination.
Here, we report for the first time the optically driven cooling of colloidally prepared semiconducting nanocrystals-specifically CsPbBr3 nanoparticles. We use the temperature dependence of the ASPL yield as a reporter for the temperature the nanocrystals obtain during below gap excitation. We show that the nanoparticles cool at an exponential rate before reaching a final saturation temperature, indicating the balance between the cooling power and heating from the environment. The rate of cooling, as well as the final temperature reached, are shown to be dependent on the excitation laser fluence. The lowest temperature recorded in this study is 232 K. At a net temperature decrease of 66 K, this represents a new record for the optical cooling of a semiconductor.
CsPbBr3 nanoparticles were synthesized following the hot-injection method established by Protesescu and coworkers. 19 As prepared, CsPbBr3 have EQE as high as 80%. Their EQE can be further increased to approximately unity with a treatment of NH4SCN. In this reaction, SCNremoves the excess lead atoms on the nanocrystal surface that are understood to be the predominant source of mid-gap states. 20, 21 This is necessary because optical cooling requires that the nanocrystals have an EQE that overwhelms thermalization losses during absorption. The necessary EQE threshold for cooling can be calculated by considering the amount of thermal energy emitted with each photon, as defined by the anti-Stokes shift between the excitation wavelength and the emission wavelength. 1 In our study, 532 nm excitation of CsPbBr3 produces PL centered around 517 nm (Figure 1 ), corresponding to an average anti-Stokes shift of approximately 70 meV. Our work and others' have established this as a one photon upconversion process whereby absorption of multiple phonons converts below-bandgap absorption into band edge emission. 2, 3, 5 Thus, for every photon emitted, ~70 meV of thermal energy is removed from the semiconductor. In contrast, every instance of non-radiative recombination adds 2.41 eV of thermal energy into this system. For the thermal energy emitted to be greater than the thermal energy added through non-radiative recombination, radiative recombination and emission into free space must occur with greater than 97.1% efficiency. In order to determine the change in the nanoparticle temperature during below gap excitation, it was necessary to develop a thermometry technique that was non-perturbative during the cooling of the nanoparticles. Previous reports have used the temperature dependence of the conventional Stokes shifted photoluminescence (SSPL) to determine the nanoparticle temperature. 14, 15 This probe simultaneously heats the sample due to thermalization of the photoexcited carriers. As such, this technique cannot be used to actively monitor the nanoparticle temperature during cooling. Alternatively, ASPL is a thermally activated mechanism, so the amount of upconversion at a fixed excitation wavelength and fluence is sensitive to the temperature of the emitting nanoparticles. As the nanoparticles are heated, the intensity of the ASPL increases, and conversely the ASPL decreases as the temperature of the nanoparticles decrease. We have previously shown that the temperature dependence of the ASPL intensity from CsPbBr3 nanocrystals follows an Arrhenius relation, with the natural log of the intensity directly proportional to 1/T. 2 Equation 1 , thus, can be used to determine any given change in temperature based on the change in ASPL intensity, so long as one temperature is known.
In this, I0 is the integrated ASPL intensity at some known temperature, T0, and I is the integrated ASPL intensity at some new temperature, T. In order to demonstrate optical cooling of CsPbBr3 nanoparticles via ASPL, the nanoparticles were mixed into a 5% solution of polystyrene in toluene, drop-cast on a quartz slide, and placed under vacuum. Both the polystyrene encapsulation and the vacuum were used in order to thermally isolate the nanoparticles, reducing their thermal load and maximizing the observed cooling. The sample was then excited using 532 nm CW laser excitation, the resultant ASPL was collected, and equation 1 was used to determine the temperature of the nanoparticles. Figure 2 summarizes the results of this experiment.
Each absorbed and emitted photon can be thought of as a single cooling cycle. The cooling rate and the saturation temperature are dependent on the number of cooling cycles that occur per unit time. This is demonstrated in Figure 2a , where the cooling over ~25 minutes is shown for three different laser fluences: 300, 1500, and 4600 W/cm 2 . As expected, higher laser fluences lead to a faster cooling rate. Remarkably, at 4600 W/cm 2 the sample reached a temperature of 232 K, a DT of -66 K. This represents a new record in semiconductor cooling, as compared with the 58 K of cooling previously reported by Xiong and co-workers for 200 nm thick single crystal CH3NH3PbI3 grown by chemical vapor deposition. 14 Additional verification that this decrease in ASPL corresponds to a decrease in temperature can be seen in the full-width at half-max (fwhm) of the ASPL (Figure 2b) . A decrease in the fwhm of ASPL over the course of the measurement is consistent with a decrease in the thermal activation of carriers participating in optical recombination across the band gap. Similarly, a red-shift of the ASPL during pumping is reported in Figure S1 , also indicating thermal de-activation of the energy distribution of carriers recombining across the band gap as temperature is decreased. 22, 23 The laser fluence not only impacts the rate of cooling, it also determines the saturation temperature-the temperature at which the thermal energy emitted by ASPL is balanced by the thermal energy gained from the local environment. This is demonstrated in Figure 3 . In this experiment, the nanoparticles were excited with a 532 nm CW laser at 4600 W/cm 2 for ~25 minutes, during which time they cooled to a temperature of 269 K for a DT of -28 K. After the sample reached its saturation temperature, the laser fluence was decreased to 2300 W/cm 2 , half of its original value. This decreases the rate of cooling, so that thermal energy transferred from the local environment is now greater than the thermal energy emitted through ASPL, and the sample warms up to a new saturation temperature of 280 K. Compared to room temperature, this is a DT of -15 K, approximately half of the DT observed for 4600 W/cm 2 . Intuitively, halving the fluence halves the thermal energy emitted per unit time. Increasing the laser fluence can similarly be shown to increase the rate of cooling and lower the saturation temperature ( Figure  S2) . The reversibility of the change in ASPL intensity is an important characteristic that differentiates the cooling observed here from photodegradation that has been observed when CsPbBr3 nanoparticles are exposed to trace water, O2, or other environmental factors that degrade their electronic structure 24 . The reversible decrease of ASPL reported here is entirely due to a temperature change. Thus, when the excitation fluence decreases, or when the excitation pump is blocked all together ( Figure S3 ), the ASPL intensity recovers over time as the sample warms back up. Additionally, the exponential decrease in ASPL with temperature is in direct contrast to a linear rate of PL decrease due to photodegradation. A linear decrease in PL due to photodamage can be seen in Figure S4 for a control sample of CsPbBr3. This sample was not treated with NH4SCN, and thus had PLQY less than 80%, well below the threshold required for cooling, and the nanoparticle surface was not protected by polystyrene. Rather than an exponential decrease in ASPL followed by a saturation point, the sample showed an irreversible, linear decrease over time. The ASPL fwhm also showed no significant change over time. By contrast, these results stand as further confirmation that the observed ASPL decrease in the NH4SCN-treated CsPbBr3 is due to optical cooling.
In conclusion, we used the temperature dependent yield of ASPL to demonstrate optical cooling of CsPbBr3 nanoparticles by upwards of 66 degrees. A remarkable aspect of these experiments is the reproducibility and consistency with which CsPbBr3 nanoparticles can be optically cooled. While the rate and magnitude of the cooling are dependent on the local environment and thermal insulation of each spot analyzed in our experiments, every measurement showed an exponential and reversible decrease in nanoparticle temperature. It is currently unclear whether the ease with which CsPbBr3 nanoparticles exhibit optical cooling is a result of their unique photophysical characteristics, or whether cooling should be expected as a general feature of ASPL with nearunity EQE. Certainly, the observed cooling is comparable to that reported by Xiong and coworkers. 14, 15 The comparison between studies suggests that the optical cooling may, in fact, be a feature of the high EQ, and the optical extraction efficiency afforded by the sub-wavelength geometry. As such, colloidal semiconductor nanoparticles with high quantum yield may likely provide an ideal platform for the study and application of optical cooling moving forward. 
Synthesis of CsPbBr3 Nanocrystals
PbBr2 (0.069 g) and ODE (5 mL) were added to a 25-mL 3-neck round bottomed flask and heated under vacuum to 120 °C for 1 hour. The solution was then placed under argon, and dried OAm (0.5 mL) and dried OA (0.5 mL) were injected to solubilize the PbBr2. The temperature increased to 180°C, and the Cs-oleate (0.4 mL) was swiftly injected. After 1 minute, the solution was cooled with an ice bath. The final solution was centrifuged at 3000 g-forces for 5 minutes and the supernatant was discarded. The precipitate was dispersed in hexane.
NH4SCN Treatment of CsPbBr3 Nanocrystals
NH4SCN was added to a vial of CsPbBr3 suspended in hexane and vigorously stirred for between 20 and 30 minutes. The resulting cloudy solution was centrifuged at 3000 g-forces for 5 minutes, and the supernatant was decanted and analyzed.
Absorbance
UV-VIS spectra from 300 to 800 nm were collected on an Ocean Optics Flame-S-UV-Vis spectrometer with an Ocean Optics DH-200-Bal deuterium and halogen lamp light source.
Below-gap excitation photoluminescence (ASPL) ASPL was measured using a 532 nm Nd:YAG CW laser ported through a WITec alpha 300 RA confocal microscope, focused on the sample using a long working distance 0.55 numerical aperture objective. 5 µL of NH4SCN treated CsPbBr3 was added to 1 mL of a 5% by w.t. solution of PS in toluene. One drop was placed on a quartz slide and allowed to dry. The sample was then placed in a Linkam Instruments TS1500 thermal stage attached to the WITec alpha 300 RA confocal microscope. Measurements were taken at a vacuum pressure ~0.010 mBar.
Figure S1.
Wavelength of ASPL maximum for CsPbBr3 cooled with 532 nm excitation at a fluence of 4600 W/cm 2 . Dotted line is the linear fit of the data, to draw the eye.
Figure S2.
CsPbBr3 cooled with 532 nm excitation at a fluence of 1500 W/cm 2 (blue) followed by a laser fluence of 3200 W/cm 2 (green), and then 4600 W/cm 2 (red).
Figure S3.
CsPbBr3 nanoparticles cooled with 532 nm excitation at a fluence of 4600 W/cm 2 for 5000 seconds. The laser was then blocked for a period of time to allow the sample to warm, unblocked long enough to take a spectrum, and then blocked again. 
